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CHEMICAL REACTIONS IN STRONG SHOCK WAVES

By

Edward ¥, CGreene

ABSTRACT
Strong shock waves, generated in shock tubes, provide a promising way of study-
ing high temperature chemical reactions iu gases, The heating by the shock wave is
uniform, extremely ranid and intense so that the temperaturc may rise many thou-
sands of degrees in a fraction of a microsecond. Observations of the effecis of
this heating on comoounds like CH3I and BrCN have shown extensive decomposition into

such radicals as CH, Gy, and CN,

Introduction

When a strong shock wave passes through a gas, there is a larpe and almost dis=-
continuous rise in »nressure and temperature, Each gas molecnle, in fact, has time
for only about twenty collisions in changing from its initial state to the heated
and compressed state, and in this short time'thé temperature may rise by several
thousands of degrees. This rapid and homogeneous heating, which is otherwise dif-
ficult to obtain, provides a useful method of initiating and studying fast, high
temperature reactions, This report describes the methods we have used to bring

about and study the decomposition of such simple sttstances as BrCN, CF3I, and CH3I

in strong shock waves,

Generation of Shock Waves

Shock waves may be produced in a variety of ways- by the detonation of solid
or gaseous explosives, by powerful sparks, or in a shock tube, We have investi-

gated only the shock tube method because of its simnlicity and adaptability and
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especially because of the uniform heating it provides. The shock strength can be
easily varied over a wide runge and there is no problen of contaminaticn from the
hot products of a detonation., Figure la shows a schematic representation of the
tubte, - The comoression chamher contains pgas at a relatively high nressure and is
ser~~atad from the expansion chamber oy a uhin diaviwagne wuein the diaphragm is
nunctured by a necdle, a shock wave is formed as the gas from the high pressure
section compresses the gas in the low pressure section, The shock wave moves with
nearly uniform, supmersonic velocity Yo the end of the tube where it is reflected
and produces another region of still higher pressure and temperature. At the same
time a rarefaction wave moves back from the diaphrarm into the high prossure szc-
tione Figure 1b and ¢ show the pressure distribution at two different times after
the rupture of the diaphragm, Thus the gas originally in the high pressure scction
is cooled as it expands while the gas originally in the low pressure chamber is
heated by compression twice--firest in the original shock wave and then in the wave
reflected from the end plate, A conventional time versus distance diagram (Figure
2) provides a compact ruprecentation of what happens in a shock tube after the rup-
ture of the diaphragm. The two rerions of special interest are those of approxi-
mately uwniform (uniform in tho ideal case) heating behind the incident and reflected
shock waves, Resler, Lin, ond Kantrcwitzl

l. E., L. Resler, S. C. Lin, ond A, Kantrowitz, J. Applicq Phys. 23
1350 (1952).
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Yiven on execllent deseription of the nroduction of high temperature
: 2 3
gases in shock tuhcs; while Blcakney, Welmer, and Fletcher and Ceiper ang Mautz

2+ W, Blcakncy, D. K. Weimer, and C. H. Tletcher, Reve Sci, Instruments,
20, 807 (150)s
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Fo We Gelrer, 2nd C. W, Mauvtz, "The sheock tubc as an instrument for
the investipation of transonic ~nd suncrscnic [low prttems", Uni-
versity of Michi~an, Engincerine Research Institutc Report, 13L9,
ONR Contract 1N6=-ONR=-232 T.0. IV,
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have described the construction ol shock tubhzs. Carrin~ton and Davicson

Le 7. Carrington and i, Davidson, J. Physe Chems 57, 418 (1353).

have been alle to nicasure the very rapid rate of dccomposition of Nzoh
by making usc of the oxtremecly fast heating ncssible in 2 shock wavee
We have used two shock tubes of 1 inch and 2 inch int2mal diameter rcsnective{y

which have high prossure chambers made from brase tubing (1/16 in, wall, 17 in, and
23 in. long) and low prcssurc scetions of commarcial ~lass nips (Coming, 5 ft. and

8 ft. long) which have o raxted maximum working pressurc of 50 psi. e have used
diaphragms of cellophane (.001 ine) or Kodatrace (,00LS in.)'single thicknesses of
which ean withstand pressures of 1.5 and 9 atmospheres resooctively in our 1 inch
i.ds tube, Four thicknesses of Kodatrace permit 2 orussure diffcrential of 12 ate-
mospheres in our 2 inch tube. The cellonhane shatters more comnletcly than the

¢ i
Kodatrace but accordin~ to Hollycr

5. R. No Hollycr, Jr., "A study of attonuntion in the shock tube," Uni-
versity of MNichigan; Engincering Rescarch Institute Report, 1953,
ONR Contract N6-(R=232 T.0, IV,

this makes 1little differcnce in the propertics of the shock whon it has
formed, A soft rubbor gaskit has been usced hetween the brass tuts and the dia-
phragme We have limitcd oursclves to either hydrogen or helium in the compression
chamber because hydrogen produces thc strongest nossible shock waves for a given
ratio of pressurcs acreoes the di~phrapm while helium gives tho next strongest shocks

and has the advantage of being chemically inert, The essential promerty desired for
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the gas in the ccmpression chamber is a high sound velocity (see reference 1),
Normally the pressure of hydro~en or helium has becn from 1-12 atm, while the pres-
sure of the gas to be heated has boen from 0.1 to 100 mm Hege For our two inch tube
this corresponds to from 3}(10-5 to 3x10'2 moles of guse. Usually the pressure ratios
across the diaphragm have varied between 102 and 105.

For 2 typical shock wave in thc 1 inch tubu: hydrozen is at a pressure of 1.3
atme, BrCN is at 0.6 mm Hg in the lew pressurc section, the velocity of the shock is
te72 mm/ microsccs (Mach 10) the time for the initial temperaturc rise is anproxi-
mnately .05 microscc., and the durction of wniform hcating (beforc the reflected wave)
is up to 1 millisec, depending on the original location of the gas in the glass tube.
Qur high oressur: sactions are lons encush so that usually thie rarcfaction does not
catch the shock teforc the reflccicd shock wave passes through 21l the gas which was
originally in the low pressurc scctions Ultimately however, the rarefaction reaches
the heated gxs of the low pressure section and begins to cool its For cooling to
occur sooncr, it is only neccssary to shorten the high pressure scetion so that the
head of the rarafaction arrives earlicre In some cascs coolins may he desired to
begin cven before the shock reflects from the end plates The durttion of the heating
can be easily contrelled by 2 piston in the high pressurc scction to vary its ef-
fective length, The difficulty with cxtremely long tubes is that there is 2 small
Hut definite attcnuation of the shock wave because of interwction with the tute walls.,

The temperature of the hot grscs 1s wn esneeially important oroovcrty to know.
scsler, Lin, nrﬁ.Kantrowitzl have chown that the availablc cnthalpy ner unit mass of
the hot gas is 2pnroximztily onc half the sgnare of the shock velocity. That ist
ne~rly 2ll the kinetic cnergy of the undisturbed gas (considercd with respeet to the
shock wave as a frame of rcfercnce) is convertud to intomal cnergy after nassage

through the shock wove, This menans that from measurcments of the shock veloeity we
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can know the temperature if we can find the right he~t capacity to usc. Right at
the shock front the corrcct hecat canmacity is just that shich allovs only for the
rapidly excited translational mnd rotationl degrecs of freedom so that the "temper-
ature" reaches a2 maximum ~nd thon folls as cuergy ie distributed more slowly to the
vibretional deprees of frecedome Finally when chemical renction begins, our knowl-
«dre of the tumperature becomes much 1loss precise bacrusce of the unknown amount of
reaction which 1is occurring;. An endothermic reaction brin~s the tcmmeraturc dovm,
while if an cxot'wriic renction starts, the temperature e~n risc ronidly. Tor the
shock wave in RrdM mentioned above the avnilable enthalpy is annraximately 36 and
41 kcal/mol for the incident ~nd reflected shocl:s respectively, At first when only
translational and rotaticatl wnrey is cquilitrated the toemporaturs would be approx-
imatcly 7000 ~nd 15000°K. Thcsce valuzs would then fall to apnroximatoly 2700 and
5100°K when the vibrational degrees of freedem hecame equilibrateds Clearly con-
sidcrable decomposition must then occur,

For hydrogen in the high prussure section'(Ph) 2nd scveral different gases
varying in complexity {rom argon to normal octanc in the low pressurs section (Pl)
Tigure 3 shows the calculated pressure ratios, Ph/P s rcquired to produce incident

(in "kcal/mol)
shocks of given Mach numbirs, nd the cnthalpyacvailabl: for thesc Mach numbers from
the incident ~nd reflc-ted sliock wavise The shock Mach number is the ratio of the
shock specd to thic spced of sound in the undisturbed a2s ahead of the shocke It is
a convenient mcrsure of shock strc.agth becruse the velocity is the nroperiy of the
shock most casily detemmineds In ~encrel, ~ low sound wclocity for the gzs to bz
neated means thnat a smaller PE/PL Wwill ke required to producc the samé Mach number; -
while for 21 given Mach number thc cnthalpy availahle decrenses only relatively

31ightly in goine from nregon to more comnlex pascse Thus 2t a piven Mach number the

temperaturcs attained are aporoximrtely invirsely proportionnl to the heat capacity



(in the 1é21dent shock
of the gas=--at lach 10, if we ~ssumc no ionization occurs, argen is hCithAFO
9500%K while CgHyg only to spproximately 760%K. These criculations of P)J/Pl and
A H are bascd on the nssumptions of idcnl gas behavior, censtant heat capacity,
instantoncous them~l cquilitrium, no inter~ction with thc walls, and no work done
by the gas on the diaphragm ~s it ruptuncs. The heat copacity used is that for vi-
bration fully crcited to the classical value but the chaneges -vould be very slirht iF
cquilibrium valuas wcre uscd instende The devintion of cxnerimental PL/Pi's from
those caleulnted is shown in Figure L for shocks in CH3I 2nd N with He and Hp as

the féSpeétive driver gases. (See ref. 1 and 5 for similar experiments

on A and Ng.)

Detection of Reaction in Shock Waves

Several mcthods which ctn bte uscd to study the regions of hot gns nroduced in
the shock tube 2res omission and ~bsomtion socetroscop;r, measurement of relative
velocitics ~nd densitics, and annlysis of the final »nroducts of the rcaction. A
combination of these methods can yicld 2 considcrablc mnount of information about
the substonces formed during the decompositions Here the situntion is similar in
mony ways to th~t in flash photolysis which is being -ridely investigoted, for in-
st2ncc by Norrish6
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and by ansny7.

Both mcthods c~n producc 1 rgce amounits of renction in srort times by the addition of
l-rge amounts of cnergy. However, for photolysis there must, of coursc, be absormtioW

of light so if the substncc itsclf is transparcnt an ahsprbing impurity must be
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Te
addede This impurity may well nffcct thu coursc of subsequent reactionss An ad-

vantage of photolysis is that the tpmpcrﬂture can bc kent almost constant by using a
large ~xecess of incrt grs. VWith both methods one of the most interesting problems
is the study of frec rmdicals which are formed by the initizl decomposition of
simplc parent molecules,

The most dircct wry of detceting and identifying substances which have knomm
sncetral bands is to examine the light cither emitted or absorbed during the short
time that the rc~ctions 2re taking places Many of the shnek waves we have investi-
gated are intenscly luminous so that even with the very short cxvosures (approxi-
mately 20 microscce) it is possible to record spectra on fast nlates (Bastman 1-D
(2; ~nd I-N) using 2 lavec ancriure spectrograph (Hilrer /1,5 Rammn spectrograph
E 612), Although it.is possible, with the brightcst shoel's, to get spectra from the
incident shock, usually thc only satisfactory way is to use the much brighter region
behind the reflected wavee Bocause of the small amount of light available the prob-
lcm is much like that of Raman spectroscopy and can be helped by such devices 2s

8
multiplc pass sourcos o
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8+ He L. Welsh, C. Cumming and E. J, Stansbury, J, Optical Soc, Am,
L1, 712 (1951).
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Most of our spectra have been obtrined by opening the camern

th

i o &unsned roomy nd then sstting off the shock, so that the emission is
integrated over the whole shocke Howcever, we have also uscd the spectrogroph as a
monochromrtor md followed the light cmitted from 1 given region of the spectrum as

a function of time with = photcmultinlicr. (Compare Norrish, Porter, and Thrush?
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9% Re Go W, Norrish, C, Porter, and Bs A, Thrush; Proc. Roy. Soc.
(London) A216, 165 (1953).
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in their study of flash initintod combustions,)

Absorption spectra should provide information to sunplcment that from emission
spectra in scveral woyse Tirst, 1f the moleculcs which cmit are in thermal equi-
librium with the ground stato, the concentration of absorbing moleculcs should be
higher by ~ factor of approximately x;hl;kT (wvhere V 1s the frcqucncy of the light
cnitted) which em be a very large number, However, if the radic~ls are formed in
cxcited strtes and cmit btefore they 2re deexited by collision, there is no such
fovoring of obsorptions Thus 2 comp~rison of relative intensitics may provide an in-
dication of the original state in which the rmdical is formed when the parent molecul €
decomposcse. Second, on 2dvant~ge of absomtion spoctra is that time resolution can
pe achieved by varying the time aficr passnge of thi. shock at which the short du-~
ration light sourcec is turncd on. Similar time resolution with emission is more
complicated to obtain, for it is nceessary either to have a fast shutter or to get
‘motion of the image relative to the film as in a drum camcra, Of course, the change
of absorption with timc for 2 given region of thc spcectrum may also be observed by
using a steady light source, 2 monochromator or filter, 2nd a nhototubes

Some of the mcasurtblc propcriies of the shock wave, for instance the density
behind the reflected wave md the vclocity of the reflected wave, o~re quitc sene
sitive to the presence of dissociation or ionization in the gase (Sce ref. 1 for
the calculated effcets for the ionization of argon)e When 2 shock is luminous the
rcflected velocity can be measurcd (eege with A drum camera) =nd the dissociation
energy estimated by comp~rison with the reflected velocity calcul~ted for various
dissociation cnergics. A compliciting bub very intcerusting factor hore is th
question of thc axtent to which thermal cquilibrium is rencheds Also for lwninoﬁs
shocks it is possible te estimnte roughly the mtio of the original density in the
low pressure section to the density behind the rcflected shock by taking a drum
camera picture of the end of the tube and noting the length of the bright region of

the reflecctcd shock ccmpared to the length of the low pressure section, Here ture
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- bulence is assumcd negligiblc ard the end of the bright region is takcn to be the
posiﬁion of the cvontact surf:icc (which scparates the hydrogen from the heated gas)
when the reficcted wove reches ite Pictureus of stroue shock wrves in several sub-
stances show that the brizhtness is often f~irly wniform over 2 region at the cnd of
the tubc, More work will he required to cxplore thce uscefulness of these methodse
Importaont though less direect information is availatle from analysis of the firal
oroducts of the reaction 2fter the shock is over, Here, ns in flash nhoyolysis, the
products may he quite differcnt from those formed in ordinary dorompositions because

of thc ropid henting and the high concentrations of intcrmediotes which are formed,

Anplication of Mothods of Studying Heactions Rehind Sheck Waves

We have examined the frequercies of the 1light cmitted by a variety of simple
substnnccs decomposed in strong shock waves.s With BrON whcre the C-Br bond cnergy
is about 80 kcal/mol or CLCN (C=-Cl approximately 9l kcal/mol) both the red and violet
systcms of CN nnd the Cs Swan bands show up strongly, Thc relative intensity of the
violct to the red bands decrecases noticenbly as the shock.strcngth decre~ses, Fig-
arce 5o showe a typicnl spectrum taken of the region behind the reflceted wave of a
shock in BrCN with hydrogen 2s the driver gas ~nd with Ph/P1 cqual to 1000, The
-shorter refercnee lines are from o mercury arc lamp, Py using o nhotormltiplier and
a monochrpmﬁtor we hawve found tht in 1 similar shock the light emitted from CN
comes anprcciﬂbly carlicr than thnt from 026 Figure o Snows lipnu intensity in ar-
bitrary units plotted agoinst time fer the CN bands nenr 4216 A »nd the Co bands
‘ncar 4737 A, Althoueh the temperature is not constnt and thes
fore hﬁvc no direct rel-tion to concentrations, nevcrthcless, it is tempting to sup-
pose that 2CN —»X, + 02 which wonld be ~n intercsting reaction to study, .

He B, Palmer in this laboratory has shown that ~bsorption spectra ~1lso can be oh=

tained from sheck waves.s By synchronizing a short durztion exploding vire source
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10,
with a shoek in BrCN ho has found 2bsorption due to CN, After cortain of these runs
therc is on the tube wrlls = block denosit which we belicve to be carbon nd some-
times 1 vhite deposit whichi mny be 2 polymer of CN,
In an cffort to observe the snectra of CH

3

in CF3Br and CH3Br, which n1lso give intensc cnission (somcwhat less intense, how-

~nd CFB, we have tried similar shocks

sver, than that from BrCN), Here there is an intcresting change in the character of
the spectruir 2s the sheck strength increnscs. For a pressure mtio across the dine
ohragm of 2000 (hydrogen s driver gns) the only noticucble cmission is 2 continum
intense in thc red :nd falling off in the greens Increasing the pressvre ratio
twice by factors of two (Ph constant, Pl decrcasing) brings ocut the C2 Swon bands
and in the casc of CH3Br the CH system t 1300 A, whilc the continum hecomes rcel-
atively much less intense, Figurc Sbed and efg show thiis ch-nge for CH3Br and
CFyBr, respectivelye The spectrn from CH3T ~nd CF3I 2re like these for the bromides
cxcopt that they ~re noticcably wore intrnses That from OHpBr, is very much like
that from CHBI. Moroe work will be ncecssary to resolve the time scquence of cmis-
cion from the CH, 02 ~nd thc centinuumy, but it is intriguing to think thnt the con-
tinuum may be duc to CHB'

After these runs the odor of hnalogen is distinetly noticeable in the shock tube
2nd with the lodides there is 2 considerable devosit of sclid iodine as -rell as
carbon on the tubc walls, Chemictl cnalysis by titration with thiosulfate showed
that from one half to two thirds of th2 I in the origin-l CHBI w=s rocovered as
molecular I, for shocks with = range of pressure ratios (-rith helium s the driver
g2s) of 150-5000 (iach 5-15). This shows th=t the cxtont of dccomposition is con-
siderable, Aftcr one min (Mach 7) the products were condensed ~t 1liquid nitrogen
temperatures to scparatc them from the helium of the compression chamber; an infrared

1

spcctrum of the vopor showed absorotion at 730 and 949 em™ characteristic of bands
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of acetylene and gthylene. The samplc was 2cid 2nd the spectrum ~lso showel the
2310 cm‘l band of HI., Much morc precisc work will be required to get good esti-

mates of the rclative amounts of thise and other subst-nces thich may te present,

Conclusion

The use of 2 shock ture for work in high tempernturc chemistry has certoin
limitations-=it is cffectively rostricted to small amounts of gascs which c¢an bhe
hcated for only sheort times--but on the other hand there ~re unusunl ~dvant~gcs.
An cnormous rangs of temper~twies (up to many thcusands of degrecs) is casily availe
able without the usual prorlens of insulation, the ~np~ratus is simple to construct,
the heating is oxtremely ronid, the ultimnte ceoolin~ slowor btut still ranid, ~nd
perhaps most important thc heating is homogencous. Thus the behavior of molecules
can be studicd 2t terper2tures comprrablc to those in detonntions but writhout the

complications arising from the prescnce of cther subst-nces,
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Append ix

The following is 2 list commiled from various sourcasls?s3 of formulac, ap=-
plicable to shock tube work, which are derived on the assumption of the ideal geos
equation of stote, constant heat copoecitics, instantaneous raemoval of the dianhragm;

and rne jaizraction of the gnscs with the walls of the tubc,
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1) Bursting prcssure required for 2 given shock pressure ratio

_2%
AN ,__4_(—;_1\*’____ am

DL (e S (5

\ \b."l i -’

2) Mach number for 2 given shock nressure rotio

N, = %_ - \}Mil{_“i
: «Q \&I

3) Shoek densit; ratio for 2 givca shock pressurc ratio

§2 —%_(Xr*_')t._\é_':i,.__
I N

4) Reflected shor'k vclncity in terms of the pressurc rotio of the incident shock

U - [Q*(QI)P{J/}Q_| . P)

—-\

P,
F

/

sucre following reference 1
2 = spcad of sound
U = rtio of specific hzats

Ml = _L_)_‘_ ~ shock Mach nuibcr

a,
P = pressure
f: density
Ty = propagating snced of the incident shock rclative to the shock tube
Ur = propagating spced ol the reflected shock rel~tive to the shock tube
subscripts indicate the followring regions in the shock tube

1 undisturbcd gas ahcad of the shock
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2 heated gos behind the shock
L undisturbed gas in thc high oressvre scetion

5 twicc heated gos bihind the reflected wave
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